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Stem cell niches are dynamic microenvironments that balance stem cell activity to maintain tissue homeo-
stasis and repair throughout the lifetime of an organism. The development of strategies to monitor and per-
turb niche components has provided insight into the responsive nature of the niche and offers a framework to
uncover how disruption of normal stem cell niche function may contribute to aging and disease onset and
progression. Additional work in the identification of genetic factors that regulate the formation, activity,
and size of stem cell niches will facilitate incorporation of the niche into stem cell-based therapies and
regenerative medicine.Stem cell niches are discrete and dynamic functional domains
that influence stem cell behavior to govern tissue homeostasis
under diverse physiological (development and aging) and patho-
logical (injury and disease) conditions. The niche must be flexible
in order to coordinate stem cell behavior with homeostasis and
repair; however, the plasticity of a niche may be co-opted in
cancer and chronic disease. Here, we review experimental
data highlighting the relationships between stem cells and their
niches, advances in imaging technologies that permit character-
ization of niches in vivo, and factors regulating niche involvement
in tissue regeneration and cancer.The Stem Cell Niche Hypothesis
In 1978, R. Schofield proposed that proliferative, hematopoietic
cells derived from the spleen (spleen colony-forming cells,
CFU-S) displayed decreased proliferative potential when
compared to hematopoietic stem cells from the bone marrow
because they were no longer in association with a complement
of cells, a ‘‘niche,’’ which supports long-term stem cell activity
(Schofield, 1978). This idea that specialized environments within
tissues can preserve proliferative potential and block maturation
of adult stem cells was the first description of the stem cell niche
hypothesis. Implicit in this model is the prediction that removal of
stem cells from the niche results in loss of stem cell identity, self-
renewal capacity, and the onset of differentiation. As such, the
niche would provide a mechanism to precisely balance the
production of stem cells and progenitor cells to maintain tissue
homeostasis. Therefore, a stem cell niche is not defined solely
by the presence of stem cells but also by the ability to regulate
stem cell behavior.
Characterization of somatic support cells that produce factors
necessary for the maintenance of germline stem cells (GSCs) in
C. elegans and Drosophila provided examples of discrete
‘‘niches’’ (Kiger et al., 2001; Kimble and White, 1981; Tulina
and Matunis, 2001; Xie and Spradling, 2000) and, consequently,
paradigms for the identification and characterization of stem cell
niches in vertebrates. Development of functional assays to verifystem cell identity, characterize niche support cells, and technol-
ogies to visualize stem cell-niche cell interactions in vivo have
enabled a better understanding of how stem cell niche dynamics
are regulated in physiological and pathological processes.Strategies to Identify Stem Cells and Putative Niches
Lineage Tracing
Lineage-tracing techniques and serial transplantation assays
have confirmed the presence of stem cell populations in many
tissues. Consequently, these methods have also aided in char-
acterizing putative niches. In Drosophila, clonal analysis relies
upon mitotic recombination to initiate marker expression in
a random mitotic cell and all of its subsequent daughter cells
(Harrison and Perrimon, 1993; Lee and Luo, 1999). This method
has been used to identify a number of stem cell populations in
tissues as diverse as the nervous system, gonads, and digestive
tract (Figure 1) (Decotto and Spradling, 2005; Fox and Spradling,
2009; Go¨nczy and DiNardo, 1996; Margolis and Spradling, 1995;
Micchelli and Perrimon, 2006; Nystul and Spradling, 2007;
Ohlstein and Spradling, 2006; Singh et al., 2007).
Within mammalian tissues, uptake and long-term retention of
bromo-deoxyuridine (BrdU) or incorporation of fluorescently
labeled histone H2B during DNA synthesis have been used as
amarker for slowly cycling (‘‘label-retaining’’) putative stem cells.
However, improved lineage-tracing strategies utilizing Cre re-
combinase have facilitated locating stem/progenitor cell popula-
tions in vivo (Table 1), providing insight into ongoing debates
regarding the nature of stem cell populations within tissues
such as the digestive system and skin.
For example, intestinal stem cells in mammals had been
proposed to reside at the +4 position (four cells above Paneth
cells), based on the observation that these cells incorporated
and retained BrdU (Potten et al., 1974). However, recent
lineage-tracing analysis and in vitro culturing techniques
provided convincing evidence that crypt base columnar cells
(CBCs) that express leucine-rich repeat-containing G protein-
coupled receptor 5 (Lgr5) behave as stem cells in intestinalCell Stem Cell 6, February 5, 2010 ª2010 Elsevier Inc. 103
Figure 1. Lineage Tracing Strategies Permit
Identification of Stem Cell Location and
Daughter Cell Fate
(A) Schematic of the stem cell niche in the
Drosophila testis. Germline (G) and somatic cyst
(C) stem cells are in direct physical contact with
hub cells (H).
(B) Lineage tracing analysis utilizing an inducible
recombination strategy that permanently labels
a random mitotic cell and its daughter due to
reconstitution of the tubulin promoter upstream
of the lacZ gene.
(C) Labeled germline stem cell (green, arrowhead)
adjacent to the hub (outline). Note its immediate
daughter (arrow) is displaced from the hub.
(D) Labeled cyst stem cell (green, arrowhead)
adjacent to the hub (outline). Note its immediate
daughter (arrow) is displaced from the hub. Immu-
nofluorescence images of testes stained for
E-cadherin (red), b-galactosidase (green), and
DAPI (blue). Lineage tracing performed as
described in (Voog et al., 2008). Scale bar, 20 mm.
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intestine, CBCs are intercalated between Paneth cells and are in
direct contact with a basement membrane at the base of the
intestinal crypt (Chang et al., 1974).
Using a Cre-inducible knockin allele of Lgr5, lineage tracing
demonstrated that Lgr5+ cells were responsible for the mainte-
nance of the entire villus and capable of long term (>12 month)
self-renewal (Barker et al., 2007). In addition, single dissociated
Lgr5+ crypt cells cultured in vitro generated crypt-villus orga-
noid structures resembling intestinal epithelium and contained
the appropriate differentiated cell types (Sato et al., 2009). Lgr5
is a Wnt target gene, and components of the Wnt signaling
pathway are required for intestinal stem cell maintenance (Kori-
nek et al., 1998). Mutations in APC or b-catenin are sufficient to
induce colon carcinoma (Korinek et al., 1997), and deletion of
Apc in Lgr5+ cells specifically led to transformation within
days, suggesting that Lgr5+ CBC cells are a likely cell-of-origin
of intestinal cancer (Barker et al., 2009). However, lineage-
tracing analysis using a Cre-Bmi1 strategy supported the +4
position as another putative position for stem cells (Sangiorgi
and Capecchi, 2008). Bmi1 and Lgr5 label cells at different loca-
tions within the intestinal crypts with distinct cellular morphol-
ogies; therefore, it is possible that these cell typesmay constitute
overlapping stem cell populations.
It was long assumed that neighboring myofibroblasts acted as
support cells within the crypts to provide a stromal niche for the
intestinal stem cells. However, the ability of isolated stem cells to
generate organized, crypt-like structures in vitro suggests that
the stem cells are not absolutely dependent upon these fibro-
blasts for maintenance (Sato et al., 2009). Given the proximity
of Paneth cells to Lgr5+ CBC cells and the fact that they are
a likely source of Wnt (Gregorieff et al., 2005), this cell type could
easily act to support the adjacent stem cell population. If so, the
ability of CBC cells to generate differentiated cells that then act
as a niche component (Sato et al., 2009) would be similar to
ability of somatic stem cells in the Drosophila testis, which give
rise to differentiated cells that are an integral component of the
testis niche (Voog et al., 2008). As Lgr5 appears to be a marker
for epithelial stem cells in a number of tissues (Barker et al.,
2010; Jaks et al., 2008), it will be interesting to determinewhether104 Cell Stem Cell 6, February 5, 2010 ª2010 Elsevier Inc.cells that are functionally equivalent to Paneth cells exist within
these niches.
Genetic labeling experiments have also aided in the identifica-
tion of stem cell populations within the skin. The epidermis, hair
follicles, and sebaceous glands aremaintained by stem cell pop-
ulations that reside in at least three distinct microenvironments:
the basal layer of the interfollicular epidermis (IFE), the follicular
bulge, and the base of the sebaceous gland. Epidermal stem
cells in the IFE, which normally contribute to epidermal homeo-
stasis, reside in nests near the basement membrane (Jones
and Watt, 1993) and have been identified using clonal marking
strategies (Clayton et al., 2007; Ghazizadeh and Taichman,
2005). The complete nature of the epidermal niche is not known,
although the basement membrane likely provides positional
information and proliferative cues (Lechler and Fuchs, 2005).
Stem cells residing in the bulge region of the outer root sheath
of the hair follicle have been identified using long-term label
retention (Cotsarelis et al., 1990; Tumbar et al., 2004) and
lineage-tracing strategies (Jaks et al., 2008; Levy et al., 2005;
Nowak et al., 2008; Zhang et al., 2009). These slow-cycling
stem cells are specified early in development and are capable
of contributing to the epidermis upon injury, as well as the seba-
ceous gland (Nowak et al., 2008). Based on molecular markers
and proliferation capacity, bulge-derived stem cells are distinct
from cells that reside in the hair germ (Greco et al., 2009), which
are activated prior to each new hair cycle and are also capable of
contributing to the bulge (Ito et al., 2004). Due to the dynamic
nature of the stem cell niche in the hair follicle, both temporal
(hair cycle stage or time after injury) and spatial information (loca-
tion of stem cell population in relation to bulge or near wound
edge) likely coordinate interactions between the distinct popula-
tions of stem cells in the bulge and hair germ (Greco et al., 2009).
Dermal papilla (DP) cells are specialized, mesenchymal cells that
lie at the base of the hair follicle and are marked by expression of
the serine protease, Corin (Enshell-Seijffers et al., 2008). DP cells
are capable of promoting hair follicle formation in skin epidermis
in vitro (Jahoda et al., 1984) and clearly provide signals to acti-
vate the hair germ, as well as bulge stem cells (Greco et al.,
2009); therefore, DP cells are likely a component of the hair
follicle stem cell niche.
Table 1. Assays Used to Determine Stem Cell Identity and Niche Components
Organism Tissue
Stem Cell
Population
Stem Cell
Functional Assay
Niche Support Cells/
Components
Niche Cell
Factors Key References
C. elegans gonad germ line stem cell spatial organization distal tip cell N Kimble (1981)
D. melanogaster ovary germ line stem cell lineage analysis cap cells,terminal
filament,escort stem
cells
BMP Margolis and Spradling
(1995); Xie and Spradling
(1998)
D. melanogaster ovary escort stem cell lineage analysis cap cells? JAK-STAT Decotto and Spradling
(2005)
D. melanogaster ovary follicle stem cell lineage analysis basement membrane,
cap cells, escort cells
HH, BMP Margolis and Spradling
(1995)
D. melanogaster testis germ line stem cell lineage analysis hub cells, somatic
cyst stem cells
BMP,
JAK-STAT
Kiger et al. (2001); Tulina
and Matunis (2001)
D. melanogaster testis somatic cyst stem
cell
lineage analysis hub cells, germline
stem cells
JAK-STAT Go¨nczy and DiNardo,
(1996); Leatherman and
DiNardo (2008)
D. melanogaster midgut intestinal stem cell lineage analysis basement membrane,
enterocytes?
N, Wg,
JAK-Stat,
Insulin
Micchelli and Perrimon
(2006); Ohlstein and
Spradling 2006)
D. melanogaster hindgut hindgut stem cell lineage analysis basement membrane? Wg Fox and Spradling (2009);
Takashima et al. (2008)
M. musculus blood hematopoietic
stem cell
single cell transplant osteoblasts, osteoclasts,
vascular, perivascular
cells
Wnt, N,
ANG1, OPN,
CXCL12
reviewed in Weissman
et al. (2001); Wagers
(2005); Garrett and
Emerson (2009)
M. musculus muscle muscle stem cell lineage analysis,
single cell transplant
basement membrane,
myofiber
N, Wnt,
CXCL12
(Conboy and Rando,
2002)
M. musculus intestine intestinal stem cell lineage analysis,
in vitro culture
vascular, fibroblasts,
Paneth cells
Wnt, BMP, N Barker et al. (2007)
M. musculus hair follicle hair follicle stem cell lineage analysis vascular, fibroblasts,
dermis
Wnt, BMP reviewed in Blanpain and
Fuchs (2009)
M. musculus epidermis epidermal stem cell lineage analysis,
in vitro culture
basement membrane,
dermis
N, Wnt, SHH Clayton et al., (2007);
Nowak et al. (2008)
M. musculus sebaceous
gland
sebaceous gland
stem cell
lineage analysis basement membrane,
dermis
? Horsley et al. (2006)
M. musculus testis spermatogonial
stem cell
lineage analysis,
stem/progenitor
transplant
vascular, interstitial
cells, Sertoli cells
BMP,GDNF,
FGF
Yoshida et al. (2007)
M. musculus neural neural stem cell lineage analysis,
in vitro culture
vascular, ependymal
cells, astrocytes
Wnt, SHH, FGF,
VEGF, N
Palmer et al. (2000)
Cell Stem Cell
ReviewSingle-Cell Transplantation
In addition to lineage tracing strategies, single-cell transplanta-
tion assays have confirmed stem cell identity and function in
a number of tissues (Table 1). Isolation of prospective stem cells
is accomplished using fluorescence-activated cell sorting
(FACS) based upon expression of cell surface marker combina-
tions and/or dye-exclusion properties, followed by transplanta-
tion of these cells into live tissues, typically manipulated so as
to be devoid of endogenous stem cells. The fluid nature of the
hematopoietic system has aided in the isolation of hematopoi-
etic stem cells (HSC) that can be identified by numerous cell
surface markers (Wilson et al., 2008) (reviewed in Wagers,
2005; Weissman et al., 2001). However, isolation of cells by
FACS in conjunction with transplantation has also led to the iden-
tification of stem cells from solid tissues, including those from
testis, muscle, breast, and prostate (Cerletti et al., 2008; Lawsonet al., 2007; Leong et al., 2008; Shackleton et al., 2006; Sher-
wood et al., 2004; Shinohara et al., 2000; Stingl et al., 2006).
Thus, optimized techniques for the isolation and characterization
of putative stem cell populations have confirmed the multiline-
age differentiation capacity of stem cells at single-cell resolution,
as well as shed light on the environmental influences that regu-
late their behavior.
Real-Time Imaging of Stem Cell-Niche Cell Interactions
Given the dynamic nature of the stem cell-niche relationship, the
ability to continuously observe and analyze stem cell behavior
in vivo, rather than at specific time points in fixed specimens,
is essential for understanding the regulation of stem cell behavior
by the niche (Rieger et al., 2009; Rieger and Schroeder, 2008)
(reviewed in Schroeder, 2008). Advanced imaging strategies,
enhanced fluorescent probes, and increased data analysis
methods have given the field unprecedented access to observeCell Stem Cell 6, February 5, 2010 ª2010 Elsevier Inc. 105
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example, within the well-defined stem cell niche of the
Drosophila gonad, time lapse imaging in explanted Drosophila
testes have complemented observations that proper orientation
of the mitotic spindle within GSCs is essential for asymmetric
division of male GSCs (Cheng et al., 2008; Sheng et al., 2009;
Yamashita et al., 2007). Asymmetric localization/inheritance of
cell-fate determinants and niche support cells have also been
visualized live in Drosophila ovaries and neuroblasts (Cabernard
and Doe, 2009; Fichelson et al., 2009).
Much like lineage-tracing strategies, improved live imaging
techniques have also provided direct evidence to support estab-
lished hypotheses regarding the behavior of mammalian stem
cells. Insight into cell types capable of influencing both adult
hematopoietic stem/progenitor cells (HSPCs) and leukemic cells
has been provided by elegant intravital microscopy studies using
two-photon video imaging and high-resolution confocal optics
(Lo Celso et al., 2009; Sipkins et al., 2005; Xie et al., 2009).
Live imaging within the mouse calvarium indicated that HSPCs
reside within perivascular sites near osteoblasts in close contact
with endothelial vasculature. In these studies, HSPCs were
observed to localize significantly closer to osteoblasts that
constitutively express the PPR (parathyroid hormone/parathy-
roid hormone related peptide receptor), confirming that extrinsic
factors are capable of regulating HSC/progenitor behavior (Arai
et al., 2004; Calvi et al., 2003; Deneault et al., 2009; Essers
et al., 2009; Zhang et al., 2003) (reviewed in Garrett and Emer-
son, 2009).
Within the murine testis, spermatogonia lie along the base-
ment membrane of the seminiferous tubules and are in close
contact with Sertoli cells (Tegelenbosch and de Rooij, 1993).
Specific markers for spermatogonial stem cells (SSCs) do not
currently exist, although a subset of undifferentiated spermato-
gonia (Aundiff) that express glial cell line-derived neurotrophic
factor (GDNF) family receptor 1a and Nanos2 may be enriched
for SSCs (Suzuki et al., 2009). In addition, Neurogenin3 (Ngn3+)
has been used as a marker for (Aundiff) spermatogonia, which
can be functionally identified via transplantation or colony form-
ing assays (Nakagawa et al., 2007). Insights from time-lapse
microscopy followed by three-dimensional reconstruction have
provided an unprecedented view into putative SSC niches within
the mouse testis. Here, Ngn3-GFP+ Aundiff spermatogonia pref-
erentially localized to sites where vasculature lies close to adja-
cent seminiferous tubules (Yoshida et al., 2007). Signals from
neighboring interstitial cells and vasculature likely influence
SSCs within the Aundiff spermatogonial population, as differenti-
ating spermatogonia migrate along the basement membrane
away from localized regions of branching vessels (Yoshida
et al., 2007). In addition, alterations in the vasculature due to
surgical transplantation resulted in a relocalization of Aundiff,
spermatogonia providing strong in vivo evidence that the puta-
tive SSC niche in the testis is remarkably flexible.
Vasculature has been implicated as contributing to the stem
cell niche in other tissues, including the hematopoietic system
(Kiel et al., 2005; Sugiyama et al., 2006) and regions of the hippo-
campus and lateral ventricles of the brain (Palmer et al., 2000;
Shen et al., 2004, 2008; Tavazoie et al., 2008; Wurmser et al.,
2004). Therefore, the vasculature may serve a conserved
support role for stem cells throughout the body. In addition to106 Cell Stem Cell 6, February 5, 2010 ª2010 Elsevier Inc.providing key nutrients, the ability of the vasculature to provide
circulating, systemic factors that regulate stem cells and/or the
niche would provide a mechanism to coordinate stem cell
activity in dynamic fashion in response to metabolic flux or other
whole-organism changes, such as aging (Conboy et al., 2005;
Mayack et al., 2010; Ryu et al., 2006).
Functional Characterization of the Niche: Ablation,
Expansion, and Wound repair
Paramount to niche characterization are sensitive and specific
tools to perturb and monitor stem cell activity and niche function
to determine causal relationships. Experimental gain- and loss-
of-function studies in cell types likely to influence stem cell
behavior are necessary to rigorously define the niche. Two
general classes of stem cell niches have been proposed based
on the physical relationship of stem cells with neighboring niche
components (Morrison and Spradling, 2008). Stromal niches can
be thought of as discrete anatomical sites containing niche
support cells that physically contact adjacent stem cells and
influence stem cell behavior via close range signaling (e.g.,
Drosophila germline stem cell niches). In contrast, epithelial
niches are depicted as those that lack specific niche support
cells and typically consist of stem cells directly in contact with
a basement membrane, as well as more mature cells of the
lineage (e.g., mammalian muscle fiber). Monitoring niche size
and function after genetic manipulation or after tissue injury
suggest that both spatial and temporal restrictions regulate the
activity and number of niches.
Stem Cell-Niche Relationships: Variation on a Theme
Laser ablation of the distal tip cell (DTC) in the C.elegans gonad
resulted in loss of adjacent germline stem cells, indicating that
the DTC is required for niche function (Kimble, 1981). Subse-
quent genetic analysis demonstrated that short range signaling
via the Notch pathway from the DTC is a key molecular determi-
nant of regulating stem cell behavior within this stromal niche
(Austin and Kimble, 1987; Henderson et al., 1994). Interestingly,
work in this model has revealed the presence of cells that can
support germ line proliferation that are not normally found in
contact with the stem cell population (McGovern et al., 2009).
The presence of such a ‘‘latent niche’’ is quite provocative, as
it presents an interesting model for investigating how distant
niches could provide an environment conducive to stem cell
maintenance and proliferation, such as in the case of metastasis.
In the Drosophila ovary, germline stem cells (GSCs) directly
contact somatic cells, known as cap cells, which act as key
support cells by secreting the self-renewal factor Decapentaple-
gic (Dpp) (Xie and Spradling, 1998, 2000). Notch signaling from
the germ line to the soma influences the number of cap cells,
and hyperactivation of Notch signaling leads to an increase in
the number of cap cells with a concomitant expansion of
GSCs (Song et al., 2007; Ward et al., 2006). In addition to direct-
ing the symmetric division of stem cells to maintain full occu-
pancy of the niche (Xie and Spradling, 2000), the GSC niche is
competent to direct the proliferation of nearby somatic stem
cells that enter the niche upon depletion of endogenous GSCs.
These data indicate that empty niches can regulate the behavior
of ‘‘foreign’’ stem cells not normally found in that location (Kai
and Spradling, 2003). Furthermore, GSCs that are unable to
differentiate can outcompete normal GSCs for niche occupancy
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size and function and present an intriguing model for how stem
cells that have accumulated mutations over time may evolve to
predominate in their endogenous niche or thrive in distant niches
in other tissues.
In the Drosophila testis, a cluster of 10–15 somatic support
cells, known as the hub, contribute significantly to the stem
cell niche in the testis (Kiger et al., 2001; Tulina and Matunis,
2001). Hub cells are specified during development (Boyle and
DiNardo, 1995; Le Bras and Van Doren, 2006) and are main-
tained by an adjacent population of pluripotent somatic stem
cells (Voog et al., 2008). Absence or depletion of GSCs during
development leads to proliferation of the somatic stem cells,
which appear to take on hub characteristics (Flatt et al., 2008;
Go¨nczy and DiNardo, 1996), suggesting that the germ line may
negatively regulate somatic stem cell proliferation, thereby influ-
encing formation of the niche during development. Consistent
with a role in hub maintenance, loss of the somatic stem cells
led to subsequent loss of the hub and adjacent GSCs, providing
indirect evidence that the hub is indeed necessary for promoting
GSCmaintenance (Voog et al., 2008). In addition, the adult testis
niche is competent to support the dedifferentiation of spermato-
gonia into self-renewing stem cells to facilitate stem cell replace-
ment, providing another paradigm for how niches may function
in normal tissue homeostasis or endow differentiated cells with
self-renewal capacity (Brawley and Matunis, 2004; Cheng
et al., 2008; Sheng et al., 2009).
Gain and loss-of-function studies have indicated that
mammalian hematopoietic stem/progenitor cells (HSPCs)
receive inputs from multiple sources, including endosteal,
endothelial, and advential cells, as well as adipocytes (Adams
et al., 2006; Calvi et al., 2003; Essers et al., 2009; Fleming et al.,
2008; Katayama et al., 2006; Naveiras et al., 2009; Stier et al.,
2005; Sugiyama et al., 2006; Zhang et al., 2003). Directed
expression of parathyroid hormone receptor (PTH) or deletion
of BMPR1a specifically in osteoblasts led to an expansion of
osteoblasts and a corresponding increase in putative HSCs,
providing evidence that osteoblasts may be a crucial support
cell within the HSC niche in the bone marrow (Calvi et al., 2003;
Zhang et al., 2003). Consistent with this model, selective ablation
of osteoblasts using a collagen a1 type I (Col1a1) promoter to
express thymidine kinase resulted in a dramatic loss of bone
marrow cellularity and loss of HPSCs (Visnjic et al., 2004). In
contrast, biglycan-deficient mice that have reduced osteoblast
populations showed no defects in hematopoiesis, HSC
frequency, or function, indicating that fewer osteoblasts do not
necessarily lead to reductions in HSCs (Kiel et al., 2007). As dis-
cussed above, the vasculature also contributes to the hemato-
poietic niche in the bone marrow, as putative HSCs clearly asso-
ciate with sinusoidal endothelium, in addition to the endosteum
(Kiel et al., 2005). Therefore, the hematopoietic niche includes
several types of support cells that are involved in regulating
HSC behavior; however, the degree to which each contributes
under normal or pathological conditions or during transplanta-
tion is not clear (reviewed in Garrett and Emerson, 2009).
Niche Function during Tissue Regeneration
Radiation and cytotoxic therapies result in concomitant loss of
hematopoietic, endothelial, and osteoblastic cells (Amsel and
Dell, 1971; Shirota and Tavassoli, 1991). Recovery of HSPCs isdependent upon angiogenic and osteoblastic regeneration.
Sinusoidal endothelial cells, which express VEGFR2/3 and are
lost during radiation-induced injury, are capable of regeneration
and necessary for the recruitment and maintenance of HSC
pools (Hooper et al., 2009). Conditional deletion of VEGFR2
within endothelial cells resulted in inefficient sinusodial endothe-
lial cell regeneration and hematopoietic recovery. Similarly,
restoration and reversible expansion of the osteoblastic niche
was observed after total body irradiation due, in part, to prolifer-
ation of osteoblasts with subsequent hematopoietic recovery
(Dominici et al., 2009). Upon injury, megakaryocytes were found
in close contact with osteoblasts and could facilitate osteoblast
expansion/recovery through the production of TGF-b1 and
PDGF-b (Dominici et al., 2009). In addition, genetic and in vitro
studies have identified the chemokine CXCL12 (SDF-1), and its
cognate receptor CXCR4, as important components that
regulate neovascularization, mobilization of hematopoietic cells,
and survival of megakaryocytes and osteoblast progenitors (Ho-
dohara et al., 2000; Jin et al., 2006; Kortesidis et al., 2005).
Conditional ablation of CXCL12 (and a host of other HSPCmain-
tenance factors) from vascular and endosteal cells would be
needed before definitive conclusions can be drawn regarding
the dynamic nature of the hematopoietic niche. However, inter-
actions between both vascular and endosteal niches are likely
necessary for proper hematopoietic function and recovery.
Intestinal stem cells (ISCs) in the Drosophilamidgut were orig-
inally identified using lineage-tracing strategies and are a proto-
typical example of stem cells that reside within an epithelial niche
(Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006).
ISCs reside along the basement membrane within clusters, or
‘‘nests,’’ of 2 to 3 basally located diploid cells, including daughter
enteroblasts, that are interspersed between differentiated, poly-
ploid enterocytes. Although all cells in the stem cell-containing
nests are positive for the transcription factor Escargot, only the
ISC directly contacts the basement membrane and stains posi-
tive for the Notch ligand Delta, whereas Notch signaling is
activated exclusively in the daughter enteroblast (Micchelli and
Perrimon, 2006; Ohlstein and Spradling, 2007).
In response to intestinal injury, stress, or aging, ISC division
rate increases (Amcheslavsky et al., 2009; Biteau et al., 2008;
Choi et al., 2008; Jiang et al., 2009). Interestingly, facultative
stem cells within the Drosophila hindgut also appear to be able
to respond to damage to mediate tissue homeostasis (Fox and
Spradling, 2009). Recent evidence indicated that differentiated
enterocytes signal via the JAK-Stat pathway to stimulate prolifer-
ation of ISCs (Jiang et al., 2009; Beebe et al., 2010). Intestinal cell
death due to apoptosis, stress, or infection was sufficient to
induce the expression of the JAK-STAT ligands Upd/Upd2/
Upd3, which stimulated both ISC division and enteroblast dif-
ferentiation (Jiang et al., 2009). Therefore, signaling from
lineage-related differentiated cells to initiate or accelerate stem
cell division only when replacement cells are needed may serve
as a niche-based mechanism to maintain tissue homeostasis
and repair (Figure 2).
Satellite cells (5% of adult muscle nuclei) are mononuclear
cells that reside adjacent to the muscle fiber and are enclosed
by basal lamina (Mauro, 1961). Satellite cells represent a hetero-
geneous population of cells from which skeletal muscle precur-
sors (SMPs) can be isolated based on expression of cell surfaceCell Stem Cell 6, February 5, 2010 ª2010 Elsevier Inc. 107
Figure 2. Models for Stem Cell Niche-Mediated Repair in Response to Injury
(A) Local signals mediate stem cell response to injury in the Drosophila midgut. Notch signaling regulates intestinal stem cell (ISC) and enteroblast (EB) cell-fate
decisions. In response to injury, localized JAK-STAT signaling from enterocytes (EC) promotes proliferation of ISCs and differentiation of EBs. EBs are capable of
generating ECs or enteroendocrine (ee) cells. Systemic and localized insulin signaling also influences recovery.
(B) Schematic of mammalian epidermis. Epidermal stem cells reside in the basal layer (red) of the epidermis in contact with the basement membrane. Multipotent
stem cells (white) reside in the bulge region of the outer root sheath of the hair follicle.
(C) Bulge stem cells can repair the epidermis upon injury. Lineage tracing strategy pulse-labels bulge stem cells (white) with an observable marker (green). Upon
injury to epidermis, labeled bulge stem cells migrate and aid in transient repair of the epidermis by contributing to basal cell layer.
108 Cell Stem Cell 6, February 5, 2010 ª2010 Elsevier Inc.
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2007; Sherwood et al., 2004). SMP identity and function has
been confirmed based on transplantation assays, which demon-
strate the ability of transplanted SMPs to contribute to and repair
damaged muscle fibers and replenish the satellite cell pool (Cer-
letti et al., 2008; Collins et al., 2005; Sacco et al., 2008).
Notch signaling regulates mammalian satellite cell behavior
postnatally and in response to injury (Conboy and Rando,
2002). Increases in expression of Delta in myofibers results in
satellite cell/muscle stem cell proliferation. In older animals,
satellite cells maintain expression of Notch; however, Delta
expression is reduced (Conboy et al., 2003). Direct activation
of Notch in injured muscle or exposure to young serum via para-
biosis with a young animal is sufficient to enhancemuscle regen-
eration (Conboy et al., 2003; Conboy et al., 2005), suggesting
that the loss (or gain) of an age-specific systemic factor(s) is
responsible for inefficient repair in aged animals. Additional
inputs, including Wnt (Brack et al., 2007) and TGF-b (Carlson
et al., 2008) signaling, may also regulate the ability of aged satel-
lite cells to respond to Notch and participate in repair of injured
muscle fibers. In mammalian muscle, satellite cells proliferate
in response to myofiber ablation, suggesting that mature muscle
fibers may act as a local niche to regulate satellite cell prolifera-
tion (Bischoff, 1990), similar to the way in which enterocytes
regulate the proliferation of Drosophila ISCs (Figure 2). The
prominent role for differentiated cells in regulating the behavior
of nearby stem cells may prove to be prevalent in tissues for
which stem cells are involved in acute repair, rather than
continual tissue replacement.
In contrast to adult muscle regeneration, early developmental
processes are recapitulated to guide tissue and niche regenera-
tion of the epidermis and associated appendages. During normal
skin homeostasis, bulge stem cells do not contribute to the
epidermis. However, upon injury, bulge stem cells migrate,
proliferate, and aid in epidermal regeneration transiently (Ito
et al., 2005; Levy et al., 2007; Nowak et al., 2008). Similarly,
during wound repair, de novo hair follicle regeneration has
been observed that closely parallels embryonic hair develop-
ment based on the expression profiles of molecular markers
and involvement of Wnt signaling (Ito et al., 2007). Using a Cre-
inducible Keratin15 labeling strategy, nascent hair follicles and
newly generated bulge stem cells were observed to descend
from the epidermis and/or upper region of the follicle (Figure 2).
These data demonstrated that new stem cell niches could be
generated during adulthood. The ability of resident stem cell
populations in the epidermis and bulge to adjust fate decisions
in the context of wounding suggests that these cells may be
exposed to and molecularly competent to interpret alternative
nonhomeostatic niche signals to orchestrate appropriate regen-
eration programs. Therefore, current models suggest that the
niche can direct tissue repair via reiteration of developmental
programs that specify or expand stem cells, such as Wnt-medi-
ated repair of the epidermis, or distinct adult-specific genetic
programs, such as positive feed-forward signals from differenti-(D) Non-bulge stem cells contribute to de novo HF and bulge regeneration. Lineag
new hair follicles (HF) are generated that lack labeled bulge stem cells.
(E) Interfollicular epidermal cells contribute to de novo HF and bulge regeneration
wound repair, new bulge and HFs are generated that contain labeled cells.ated cells, to stimulate stem cell proliferation. Regardless, the
factors that regulate the transient generation and regression of
facultative niches or alert endogenous niches to tissue damage
may also be inappropriately utilized in the progression of some
pathologies.
Niche Function in Disease Initiation and Progression
As discussed above, the dynamic relationship between stem
cells and the niche may be most evident during tissue repair,
as a consequence of injury. However, constitutive activation of
wound healing programs, including accompanying inflammatory
responses, likely lead to permanent changes in the niche that
could lead to dysregulation of stem cell behavior and, ultimately,
contribute to disease. However, a thorough assessment of the
role of the niche in disease initiation and progression is depen-
dent upon a clear understanding of the normal structural and
molecular components that constitute each stem cell niche.
Aging
Although cell-autonomous changes clearly underlie altered stem
cell behavior during aging, recent studies have demonstrated
that a decline in niche function, including decreased production
of local self-renewal factors, also contributes to reduced tissue
homeostasis and repair in a number of systems (Boyle et al.,
2007; Conboy et al., 2003; Hsu and Drummond-Barbosa,
2009; Pan et al., 2007; Ryu et al., 2006). In addition, changes in
circulating, systemic factors also lead to decreased stem cell
activity (Conboy et al., 2003; Hsu and Drummond-Barbosa,
2009; Mayack et al., 2010). However, restoration of niche func-
tion can counter aging-related changes in stem cell behavior
(Boyle et al., 2007; Conboy et al., 2005; Mayack et al., 2010;
Pan et al., 2007), indicating that strategies to rejuvenate or
expand the niche may enhance stem cell-based therapies in
regenerative medicine.
Aging may be perceived as systemic stress; however, the
changes in stem cell-niche cell relationships in older animals
could also be a consequence of chronic damage and wound
repair. For example, wounding, infection, and aging all lead to
an increase in ISC proliferation in the Drosophila midgut. During
aging, normal stress response pathways are engaged; however,
the ability of the daughter enteroblasts to differentiate appropri-
ately into enterocytes or enteroendocrine cells, which is regu-
lated by the Notch pathway, is disrupted (Biteau et al., 2008;
Ohlstein and Spradling, 2007). The insulin-signaling pathway
has been shown to regulate the proliferation of ISCs in response
to intestinal damage (Amcheslavsky et al., 2009), as well as aging
of the Drosophila ovarian niche, by modifying Notch function in
support cells (Hsu and Drummond-Barbosa, 2009). Thus, it is
possible that changes in the integration of systemic signals
with local signaling pathways elicit different stem cell responses
to normal stress and aging.
Cancer Initiation and Progression
Recent insights into mechanisms involved in regulating stem cell
behavior can be directly applied to the study of cancer biology,
including the role of the niche. Involvement of the locale tracing strategy pulse labels bulge stem cells; however, during wound repair,
. Lineage tracing strategy pulse-labels bulge and epidermal stem cells. During
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Reviewmicroenvironment in tumor initiation or metastasis has been
postulated for over 100 years (Paget, 1889). Similar to the
manner in which support cells, secreted factors, the extracellular
matrix, and vasculature all contribute to the regulation of stem
cell behavior, analogous components are easily identified in
the tumor microenvironment. Irrespective of whether the
tumor-initiating cell is a transformed tissue stemcell or a differen-
tiated cell that has acquired the ability to self-renew, the local
microenvironment could influence cancer initiation through
a number of mechanisms.
Experimental evidence has demonstrated that normal niches
can support the reversion of differentiated cells back to a stem
cell state (Brawley and Matunis, 2004; Cheng et al., 2008; Kai
and Spradling, 2004; Sheng et al., 2009) and can become occu-
pied by cells that outcompete normal stem cells for residence
(Issigonis et al., 2009; Jin et al., 2008). In addition, niches can
undergo changes that promote proliferation and maintenance
of cancer cells (reviewed in Coussens and Werb, 2002; Tlsty
and Coussens, 2006). ‘‘Premetastatic’’ niches can be generated
by cancer cell proliferation or tumor-released factors that are
capable of supporting the seeding and proliferation of migratory
tumor-initiating cells in secondary and tertiary sites (reviewed in
Wels et al., 2008). Lastly, wound healing or morphological
damage can result in cells positioned near a signaling source
that inappropriately directs proliferation (Kai and Spradling,
2003; McGovern et al., 2009) (Figure 3).
Basal cell carcinoma (BCC) is the most common cancer in the
United States (800,000 cases/year). BCC can be recapitulated in
transgenic human explants that overexpress Sonic Hedgehog in
keratinocytes, and stroma associated with human BCC is critical
for tumor progression (Fan et al., 1997; Van Scott and Reinert-
son, 1961).Withinmurine skin, signaling via the BoneMorphoge-
netic Protein (BMP) pathway is required for proper progenitor cell
differentiation (Kobielak et al., 2003), and BCC cells express high
levels of BMPs 2 and 4 (Sneddon et al., 2006). However, tran-
scriptional profiling of human BCCs also demonstrated that the
underlying tumor stroma expressed high levels of the BMP
antagonist Gremlin1 de novo, which would block differentiation
of the adjacent tumor cells (Sneddon et al., 2006). Isolation
and culture of BCCs demonstrated that Gremlin1 suppresses
BMP-mediated keratinocyte differentiation, suggesting that
Gremlin1 expression promotes BCC proliferation in a localized,
transformed niche (Sneddon et al., 2006).
Similarly, in invasive breast carcinomas, cancer-associated
fibroblasts (CAFs) and the underlying stroma clearly promote
tumor initiation and progression (Finak et al., 2008; Hu et al.,
2008) (reviewed in Bissell, 2007). For example, expression of
CXCL12 (SDF-1) by breast cancer-associated CAFs acts directly
on the CXCR4 receptor expressed by the breast cancer cells and
induces angiogenesis through the recruitment of endothelial
progenitor cells (Orimo et al., 2005). CAFs phenotypically
resemble myofibroblasts, cell types often associated with
wound healing and tissue remodeling. While the origins of
tumor-associated stroma and fibroblasts are not completely
understood, genetic factors and a chronic inflammatory environ-
ment can contribute to the generation of a modified niche that
supports tumor growth (Coppe´ et al., 2008; Rodier et al., 2009;
Sneddon et al., 2006; Trimboli et al., 2009) (reviewed in Cous-
sens and Werb, 2002; Tlsty and Coussens, 2006).110 Cell Stem Cell 6, February 5, 2010 ª2010 Elsevier Inc.In addition to transformed niches that may influence
a primary tumor, genetic approaches have identified niches
induced by primary tumors located at distant sites within the
body. Soluble factors secreted from primary tumors can
induce ‘‘premetastatic’’ niches capable of recruiting cells that
subsequently promote tumorigenesis at defined anatomical
locations (reviewed in Wels et al., 2008). Factors such as
VEGFA, TGFb, and TNFa, which are secreted from primary
tumors, can recruit support cells to and induce expression of
inflammatory chemoattractants within tumor-specific premeta-
static sites to facilitate the formation of secondary and tertiary
tumors (Hiratsuka et al., 2006; Kaplan et al., 2005). Tumor-
induced niches have also been shown to recruit normal
progenitor cells and affect normal progenitor cell behavior in
a leukemic xenograph mouse model. Intravital microscopy
studies of Nalm-6 pre-B acute lymphoblastic leukemia (ALL)
demonstrated that malignant cells metastasize to specific
regions of the bone marrow that express CXCL12 (SDF-1) (Sip-
kins et al., 2005). In addition, leukemic cell proliferation re-
sulted in the generation of malignant niches that downregu-
lated CXCL12 (SDF-1) production and recruited normal
hematopoietic progenitor (CD34+) cells. These malignant
niches had high levels of stem cell factor (SCF) and negatively
affected normal (CD34+) progenitor cell number and activity
(Colmone et al., 2008).
The origin of a cancer cell and its internal transcriptional
signature are important determinants of site-specific metastasis
(Bos et al., 2009). Access to circulation and the ability to survive
at distant locations also influence the metastatic potential of
cancer cells (reviewed in Nguyen et al., 2009). To this end, certain
cancer cell types appear to be capable of utilizing endogenous
niches or aiding in the generation of malignant niches that can
influence both normal and cancerous cells. Therefore, malignant
niches may act as immune-evasive or antiapoptotic sanctuaries
that harbor tumor-initiating cells throughout the course of stan-
dard therapeutic treatments.Future Directions
Stem cell niches are physiologically dynamic domains that will
continue to aid in both experimental and conceptual models of
development, tissue maintenance, and disease. The stem cell
niche hypothesis provided an initial framework within which to
define cell types and factors responsible for regulating stem
cell behavior, and advances in lineage-tracing techniques, single
cell isolation and manipulation, and imaging technologies will
continue to expand our knowledge of the nature of stem cell-
niche cell interactions. A symbiotic relationship is present within
the niche under homeostatic conditions; however, the involve-
ment of the stem cell niche in the response to tissue injury and
during aging and disease progression is less well understood.
Additional work in the identification of genetic factors that regu-
late the formation, activity, and size of stem cell niches will be
necessary in order to incorporate the niche into stem cell-based
therapies and regenerative medicine. Furthermore, in cases
where a modified niche accompanies disease progression, tar-
geting the niche (niche ablation) could be considered an alterna-
tive, powerful therapeutic approach to accompany current drug
regimes and treatments.
Figure 3. Role of the Niche in Cancer Progression
(A) In an endogenous niche, stem cells (white) are in contact with niche support cells (pink region) near associated cells (light blue region). Cancer cells (navy blue)
may outcompete stem cells for access to niche-derived signals, resulting in expansion of cancer cells and loss of endogenous stem cells.
(B) Cancer cells (navy blue) that occupy an endogenous niche (pink region) may transform or recruit surrounding support cells (black region). Distant premeta-
static or malignant niches induced by signaling factors (SF) from primary tumor can recruit endogenous progenitor cells (white) or nonprogenitor cells (light blue)
to aid in metastasis (navy blue spheres).
(C) Cancer cells may contribute to transformation of local environment (black region); metastatic cancer cells may home to distant endogenous niches (pink
region).
(D) In a ‘‘latent niche’’ model, competent cells (white) from an endogenous niche (pink region) become physically displaced through developmental or injury
induced mechanisms, and distinct signaling cells (green region) act as a niche to influence ectopic proliferation.
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